Increasing evidence demonstrates that hepatitis E virus (HEV) can be transmitted across species. According to previous reports, swine HEV has two genotypes, genotype 3 and 4, and both can infect humans by the fecal-oral route. Thus, it is crucial for the control of HEV zoonotic transmission to evaluate the dynamics of viral shedding and distribution in different tissues during cross-species infection by HEV. In this study, rabbits were infected with genotype 4 swine HEV by the intraperitoneal route. The results showed that HEV RNA not only shed in the feces but also in the saliva of some rabbits during infection with swine HEV. Viremia appeared late after infection, and anti-HEV IgG was not obvious until the appearance of high viremia levels. After the rabbits were euthanized, a histopathological examination showed that the livers developed overt hepatitis accompanied by an elevation of alanine aminotransferase (ALT) and aspartate transaminase (AST). Furthermore, HEV RNA was detected in various tissues, especially in the salivary glands and tonsils. Subsequently, negative-stranded HEV RNA was practiced in tissues with positive HEV RNA, which demonstrated that HEV replicated in the tissues. Next, we harvested additional tissues from the liver, salivary gland, tonsil, spleen, thymus gland, lymph node and intestine, which are known as replication sites of swine HEV. Additionally, we also observed the HEV antigen distributed in the organs above through immunohistochemical staining. These results demonstrate that rabbits could be used as an animal model for researching cross-species infection of genotype 4 HEV. It is also noteworthy that HEV can shed in the saliva and presents the risk of droplet transmission. These new data provide valuable information for understanding cross-species infection by HEV.
Introduction
Hepatitis E (HE) is a fecal-oral transmission disease caused by HEV, which is a non-enveloped, positive-sense, single-stranded RNA virus [1] . Hepatitis E is endemic worldwide and epidemic in developing countries [2, 3] . To date, there are 4 major genotypes of HEV identified in a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 inoculate intraperitoneally two rabbits at 10 mL per day for 7 consecutive days. After 4 weeks post-inoculation (wpi), the fecal samples of both rabbits were positive for HEV RNA. Both rabbits continued feeding for one week and then were euthanized. Samples of livers and intestinal contents were positive for HEV RNA and were stored at -80˚C. The viral sequence from the rabbits was homogenous with the stored swine HEV strain. Then, the intestinal contents were prepared in a 10% suspension and used as an infectious viral stock. The titer of the suspension was 6.63×10 7 genome equivalents per mL.
Animals
Sixteen 80-day-old female New Zealand white rabbits weighing between 1800 and 2000 g were purchased from the Xing Long Experimental Animal Center, Beijing, China. Before inoculation, the blood and feces of all the rabbits were confirmed to be negative for HEV RNA with reverse transcription-nested PCR (RT-nPCR). The sera were confirmed negative for HEV antigen and HEV antibody using enzyme-linked immunosorbent assay (ELISA).
Experimental design
Sixteen rabbits were randomly divided into two groups of eight rabbits per group. Each rabbit in the experimental group was inoculated intraperitoneally with 10 mL of viral suspension per day for 7 consecutive days. Each rabbit in the control group was injected with an equal volume of negative fecal suspension. Each rabbit was housed in a separate cage and fed twice a day with access to drinking water. The condition of all the rabbits was monitored everyday, and no rabbit died following viral inoculation. No clinical symptoms were observed in the HEVinfected rabbits. All the rabbits were sacrificed by air-injection at the end of the experiment.
Sample collection and processing
Throat swab samples and feces were collected and tested for HEV RNA at the indicated times. Blood was collected and tested for HEV antibodies and antigens weekly to avoid animal stress.
Half of the rabbits were euthanized at 28 dpi and the other half at 49 dpi. Their blood, bile, hearts, lungs, livers, kidneys, spleens, lymph nodes, thymuses, tonsils, salivary glands, stomachs, small intestines (duodenum, jejunum, ileum), sacculus rotundus (SR), cecum and appendices were collected, stored at -80˚C for RT-nPCR and fixed in 4% paraformaldehyde for paraffin sections. The collected serum was tested for alanine aminotransferase (ALT) and aspartate transaminase (AST) levels at the Animal Hospital of China Agriculture University.
ELISA for HEV antibodies and antigen
All the serum samples were collected and tested for HEV antigen and anti-HEV IgG using an HEV ELISA kit. All assays were performed according to the manufacturer's instructions (Wantai, Beijing, China) [15, 16] .
Samples with positive HEV RNA were assayed for negative-sense HEV RNA [17, 28] . The extracted RNA was subjected to cDNA synthesis with the outer primer P1. Parental RNA was degraded using RNaseA, followed by nested PCR with the same PCR parameters. Sterile ddH 2 O was included as the negative control.
Histopathological examination and immunohistochemical stain for the HEV ORF2 and ORF3 protein All fixed tissues were processed routinely in paraffin, and 4-μm sections were prepared. The sections were stained with hematoxylin-eosin (H&E) stain for routine histopathological examination. Monoclonal mouse anti-HEV ORF2 and ORF3 antibodies (1:200 dilution; Beijing Protein Innovation, Beijing, China) werethe primary antibody for immunohistochemistry, as described by Mao et al. [16] .The samples from the control group were used as the negative control.
Results

Dynamic evaluation of HEV RNA shedding in feces and throat swabs
Fecal and throat swab samples from all rabbits in the control group were negative for HEV RNA during the study.
Fecal samples from all rabbits infected with swine HEV were positive for HEV RNA at different time points. At 7 dpi, HEV RNA was first detected in the feces of T4. The feces of all the rabbits were positive for HEV RNA over time. The shedding of HEV RNA was not consecutive in the feces during the early period of infection. Shedding of HEV RNA usually lasts 3~7 days and reappeared after an interval of 7~10 days in the infected rabbits. During the later period of infection, HEV RNA disappeared in the feces of T8 rabbit (Table 1) . T1  T2  T3  T4  T5  T6  T7  T8  Fecal sample  Throat swab The throat swab samples from 3 rabbits were positive for HEV RNA during the study. Throat swab samples of T4, T5 and T6 rabbits were positive for HEV RNA at 24 dpi, 35 dpi and 38 dpi, respectively. Shedding of HEV RNA lasted for 3~10 days and disappeared. In the T5 rabbit, throat swab samples were positive for HEV RNA, but the feces were negative for HEV RNA (Table 1) .
Levels of hepatic enzymes after HEV inoculation
At 28 dpi, the ALT and AST levels in the experimental group were significantly higher than in the control group (p<0.05). Dramatic elevation of ALT and AST in the experimental group was observed at 49 dpi. The average ALT and AST reached 96.3 and 102.1 U/L, respectively, in the experimental group (Fig 1) . SPSS 20.0 was used for statistical analysis. Paried-sample test was used to calculate the P values.
Detection of HEV antigen and anti-HEV IgG by ELISA
Viremia was first detected at 35 dpi in T5 rabbits and was elevated until 49 dpi. At 49 dpi, viremia was also detected in T6 and T8 rabbits. Anti-HEV IgG was only detected in the T5 rabbit at 42 dpi and remained elevated until 49 dpi (Fig 2) . Both HEV antigen and anti-HEV IgG were negative in the control group. A. Serum HEV antigen was first detected in the T5 rabbit at 35 dpi and was elevated until 49 dpi. Serum HEV antigen was also detected in the T6 and T8 rabbits at 49 dpi. B. Anti-HEV IgG appeared in the T5 rabbit at 42 dpi and was elevated until 49 dpi. Other rabbits had no anti-HEV IgG until the end of the experiment. All rabbits in the control group were designated the "control". 
Distribution of HEV RNA in tissues
All the tissues from rabbits in the control group were negative for HEV RNA throughout the study. At 28 dpi, HEV RNA was detected in various tissues, including liver, bile, salivary gland, spleen, thymus gland, lymph nodes, small intestine, SR, cecum, appendices, and kidney. At 49 dpi, HEV RNA was also detected in the blood, liver, bile, salivary gland, spleen, lymph nodes, small intestine, SR, cecum, appendices, heart, lung, and pancreas (Table 2) .
Extrahepatic replication of swine HEV in rabbits
The discovery of negative-stranded HEV RNA and ORF 3 antigen in the tissues demonstrates that HEV replicates therein [28, 32, 33, 34] . No negative-stranded HEV RNA was detected in the blood or bile. At 28 dpi, negative-stranded HEV RNA was detected in the liver, salivary gland, spleen, thymus gland, small intestine, SR, cecum and appendices. At 49 dpi, negativestranded HEV RNA was detected in the liver, salivary gland, tonsil, spleen, lymph nodes, small intestine, SR, cecum and appendices ( Table 2 ). The tissues with negative-stranded HEV RNA were also positive for ORF 3 protein and the distribution of ORF 3 in cells was similar to the ORF 2 (S1 Fig).
Histopathological examination and immunohistochemistry for HEV antigen in rabbit tissues
Various tissues in the control group revealed no obvious lesions (Fig 3A and 3C) . Livers in the experimental group usually revealed multifocal hepatitis characterized by hepatocyte swelling, infiltration of a large number of lymphocytes, and proliferation of the bile ducts in the portal tracts at 28 dpi and 49 dpi (Fig 3B) . Additionally, the kidneys also had multifocal inflammation characterized by infiltration of lymphocytes into the mesenchyme of the renal cortex (Fig 3D) .
Other tissues in the experimental group did not manifest gross histopathological lesions. Using immunohistochemical staining, HEV antigen was detected in the liver, salivary gland, tonsil, spleen, thymus gland, lymph nodes, small intestine (duodenum, jejunum and ileum), SR, cecum, appendices, kidney, heart, lung and pancreas. Positive signals were detected in the cytoplasm of hepatocytes and biliary epithelial cells; the duct epithelium of the salivary gland and pancreas; the crypt epithelium and macrophages or dendritic cells of lymphoid follicles in the tonsil, spleen, lymph node, SR, appendix, and intestinal mucosal epithelium; the follicle-associated epithelium of the SR and appendix; the thymic epithelial cells in the medulla, myocardium, the epithelium of the renal tubules and the epithelium of the bronchioles and alveoli (Fig 4) . No positive signals were detected in any tissues of the control group (Fig 5) .
Discussion
According to previous reports, rabbits have been infected with swine HEV or genotype 4 HEV and developed hepatitis by intravenous inoculation [5, 32, 33] . However, whether rabbits can be an animal model for researching genotype 4 swine HEV has not been reported. Some studies have shown that intraperitoneal inoculation is a better route to imitate HEV natural infection via the fecal-oral route compared with intravenous inoculation [16] . At the meantime, we also found that the intragastric infection rate of swine HEV-4 in rabbits was obviously lower than intraperitoneal inoculation (unpublished). Additionally, second-passage rabbit HEV challenge with a higher dose of virus results in more severe hepatitis [16, 33] . In our study, we first recovered the swine HEV strain in rabbits and then used the HEV-positive intestinal contents as the inoculum to infect rabbits by continuous intraperitoneal inoculation.
Rabbits infected with swine HEV had obvious HEV shedding in the feces and via throat swabs at different time points. Unlike the duration of fecal viral shedding in pigs and Mongolian gerbils, rabbits infected with swine HEV had intermittent fecal viral shedding in the early stage of infection [12, 15] . However, fecal HEV shedding persisted as time passed. This showed that HEV shedding in the feces may be unstable during the early period of the establishment of HEV infection. In order to better explore HEV shedding during the early period of HEV infection, the interval between sample collections should be shortened. In addition, it is noteworthy that HEV RNA disappeared in the T8 rabbit in the later period of infection, but HEV RNA was detected in the liver, bile and intestine. There are three possible explanations for this. First, the rabbit might enter a latent infection period different from the self-limiting symptoms of HEV infection in humans [34] . The decrease of HEV replication in the intestine may lead to this appearance. Finally, the appearance of intestinal anti-HEV secretory IgA (SIgA) might neutralize HEV to inhibit HEV shedding in the feces during later periods of HEV infection, as seen in other studies [35, 36] .
Compared with normal HEV RNA detection in feces, the detection of HEV RNA in throat swab samples is interesting. HEV RNA was once detected in nasal swab materials in pigs experimentally infected with swine HEV, and it was thought that the pig snouts may have been contaminated with feces [12] . Although rabbits are cecotrophs, we do not think the throat swabs were contaminated with feces because not all throat swabs were positive for HEV RNA in rabbits with fecal material positive for HEV. Additionally, the throat swab was positive for HEV RNA in the T5 rabbit, while the fecal samples were negative at 38 dpi and 42 dpi. These results suggest that there was no fecal contamination of the throat swabs. In a previous study, the salivary gland and tonsil were positive for HEV RNA [37] . Therefore, we inferred that the HEV RNA in the throat swab may be from the salivary gland or tonsil. The salivary gland and tonsil were therefore tested for HEV RNA, negative-stranded RNA And ORF3 protein. Negative-stranded HEV RNA is an intermediate product in HEV replication, and the appearance of negative-stranded RNA indicates HEV replication in these tissues [28, 37] . And presence of ORF 3 protein is also indicative of an infectious or replicative viral state [38] . The results showed that HEV RNA existed and replicated in the salivary gland and tonsil in the rabbits with throat swabs positive for HEV, except for the T6 rabbit. Simultaneously, the HEV ORF2 antigen was mainly distributed in the duct epithelium in the salivary gland and the epithelium of the crypts and macrophages in tonsils, as determined by immunohistochemical staining. Considering the structure and function of the salivary gland and tonsil, we hypothesize that HEV can invade and replicate in the salivary gland, and then HEV is shed in the saliva and captured by the tonsil. In view of the fact that HEV in the urine poses a risk of transmission [39] , the risk of droplet transmission of HEV should be evaluated further.
Unlike Mongolian gerbils infected with swine HEV [11] , rabbits showed a delayed viremia. The viremia usually appeared at 28-42 dpi in pigs with swine HEV and rabbits with genotype 4 HEV [12, 33] . Viremia appeared with the dramatic elevation of ALT and AST levels and resulted in serious lesions in the liver during later periods of HEV infection. The viremia was likely due to the release of HEV in damaged hepatocytes. Additionally, seroconversion was not obvious, except in the T5 rabbit, during this study. Seroconversion appeared at 7 weeks postinoculation in some pigs infected with swine HEV according to previous reports [11, 12] . It had also been observed that the appearance of seroconversion is later than viremia in other reports [11, 12, 28, 33, 40] . The present study showed that the level of anti-HEV IgG had gradually risen along with the elevation of viremia. Therefore, seroconversion may be dependent on the viral dose of blood in rabbits infected with swine HEV and require a longer period of stimulation.
HEV RNA was detected in various organs, which was consistent with previous reports of animals infected with HEV by experimental or natural infection [10, 16, 22, 28, 33, 41] . However, the existence of HEV RNA did not guarantee viral replication in these organs. Therefore, the detection of HEV negative-stranded RNA and ORF 3 protein was used as evidence of replication [37] . The results showed that the liver, salivary gland, tonsil, spleen, thymus gland, lymph node, small intestine, SR, cecum and appendix were the replication sites of swine HEV in rabbits. These results are similar to research performed in pigs infected with human HEV [37] . The HEV negative-stranded RNA was mainly detected in the liver and intestine and disappeared in the intestine during later periods of infection. This showed that the liver and intestine were the main replication sites, and intestinal replication was temporary during HEV infection. Furthermore, regarding the results of the immunohistochemical staining (ORF2 antigen mainly located in the intestinal epithelium), we considered that HEV is first synthetized in hepatocytes and shed with the secretion of bile, followed by entering and infecting the intestine in experiments using intravenous and intraperitoneal infection. Therefore, this experimental infection was different from natural HEV infection. The replication in the salivary gland was important, owing to HEV shedding with secretion of saliva, as discussion above. Additionally, the spleen, thymus gland and lymph node were also temporary replication sites during HEV infection. The replication of HEV in these tissues needs to be further explored.
In our study, obvious lesions in the liver and kidney were observed, which is consistent with previous studies [39, 41, 42] . Though only one rabbit had HEV RNA in the kidney, HEV ORF2 antigen was detected in the epithelium of the renal tubules without HEV RNA from the experimental group with renal lesions. This showed that the HEV antigen might be taken in by the epithelium of the renal tubules. Whether the kidney injury is related to the immune response to HEV need to be further investigated.
Moreover, HEV ORF2 antigen was mainly distributed in the duct epithelium in the salivary gland, pancreas and mucosal epithelium of the intestine according to immunohistochemical staining. This showed that the epithelium associated with the digestive system might be susceptible to HEV infection. Additionally, HEV ORF2 antigen was observed in macrophages or dendritic cells in the spleen, lymph node, tonsil, gut-associated lymphoid tissue (GALT), SR and appendix [43] . This was related to HEV antigen presentation and the immune response.
Conclusions
In summary, we demonstrated that rabbits can be infected with genotype 4 swine HEV and develop overt hepatitis. This means that rabbits could be used as a model for infection with genotype 4 swine HEV. Furthermore, detection of HEV shedding in saliva means a risk of droplet transmission, and this may be a new route of HEV transmission which needs further study. These results provide valuable information for the future exploration of the pathogenesis of HEV cross-species infection. 
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